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AUTOMAT1 C CONTROL OF HUWN T i i E R i G -  CBMFORT 

WITH A LIQUID-COOLED GARMENT 

By Lawrence H. Kuznetz 
Lyndon B. Johnson Space Center 

SUMMARY 

L ike  the cremembers on Apol lo and Skylab f l i g h t s ,  t h e  Space Shut t le  
crewmembers w i l l  wear a l iqu id-cooled garment t o  maintain t h e i r  thermal 
comfort dur ing ext ravehicu lar  a c t i v i t y .  During the e a r l i e r  programs, man- 
u a l  con t ro l  of the  cool ing water was necessary t o  maintain proper cont ro l  
of body heat storage. The development o f  an operat ional  automatic thermal 
cont ro l  system would r e l i e v e  the  crewmember o f  t h i s  task, which can i n t e r -  
fere w i th  h i s  ob ject ives.  I n  t h i s  study, an a n a l y t i c a l  model of human 
thwnoregu la t ion  was used t o  develop the equations governing the operat ion 
o f  an automatic c o n t r o l l e r .  The r e s u l t i n g  c o n t r o l l e r  operated wi thout  
attachments t o  the body, us ing only the temperature di f ference i n  water 
going i n t o  and ou t  of the  garment. A ser ies of tests ,  i n  which both objec- 
t i v e  and subject ive data were co l lec ted  on three subjects, demonstrated the 
a b i l i t y  of t h e  c o n t r o l l e r  t o  maintain a thermal balance both comfortable 
and w i t h i n  al lowable medical l i m i t s .  

Although the c o n t r o l l e r  developed as a r e s u l t  o f  t h i s  study was 
designed f o r  use w i t h  the Shut t le  ext ravehicu lar  m o b i l i t y  un i t ,  i t  was 
found t o  func t ion  we l l  i n  other appl icat ions and should be the simplest  
means possible f o r  prov id ing automatic cont ro l  o f  thermal comfort f o r  any 
ground-based app l ica t ion  i n  which a l iqu id-cooled garment i s  used 

INTRODUCTION 

The l iquid-cooled garment (LCG) i s  being r a p i d l y  accepted as a means 
of removing excess body heat t ha t  cannot be disposed o f  by normal environ- 
mental mechanisms. It was developed by t h e  Royal A i r c r a f t  Establishment 
and the Nat ional  .,eronautics and Space Admin is t ra t ion (NASA) i n  1964 for- 
t h e  Apol lo  Program when i t  became evident t ha t  the heat. generated by crew- 
men dur ing ext ravehicu lar  a c t i v i t y  (EVA! could not be s u f f i c i e n t l y  removed 
by a gas-cooled space s u i t .  
purposes. These purposes include es tab l i sh ing  constant s k i n  temperatures 
dur ing neurosurgcry; cardiovascular research; cool ing and reducing perspit-a- 
t i o n  rates i n  surgeons dur ing de l i ca te  operations; coo l ing  race car d r ivers  
i n  the presence o f  h igh engine heat; cool ing workers exposed t o  h igh furnace 
heat i n  s tee l ,  glass, and i r o n  plants; warming d ivers descending t o  great 
depths; and inany other appl icat ions.  

The LCG i s  now being used f o r  many other d iverse 

The LCG task i s  accomplished through the use of conductive cool ing.  
However, a s i g n i f i c a n t  problem has been the contro l  o f  LCG cool ing i n  
response t o  varying work ra tes.  Webb ( r e f .  1 )  and K u z n e t z  ( r e f .  2 )  found 
a temporal d issoc ia t ion  between heat product ion and heat output of  the  LCG. 

(IRIGINAL PAGE IS 
OF POOR QUALSW 
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This cha rac te r i s t i c  r e s u l t s  i n  an ob l i ga to ry  per iod o f  body heat ga in 
a f te r  the onset o f  work. The delay between heat production and steady- 
s ta te  heat removal by the LCG has been obswved t o  be as long as 1 hour 
and may r e s u l t  i n  i n e f f i c i e n t  work performance and s i g n i f i c a n t  thermal 
stress. The problem can be lessened somewhat by i n c r e x i n g  the cool ing 
j u s t  before beginning work o r  by very frequent adjustments i n  coo l ing  
temperature. 

During the  Apollo and Skylab Programs, there were instances o f  appar- 

Crewnembers tended t o  stay i n  the minimum o r  intermediate cool -  
ent undercooling and overcool ing  dur ing lunar-surface and Skylab EVA's 
(ref. 2). 
ing range f o r  long periods ra ther  than make frequent adjustments. During 
the  Apollo and Skylab Programs, the  crewmen were supported by a rea l - t ime 
ground monitoring team that  could advize the f l i g h t  d i rec to r  t o  t e l l  the 
EVA crewnen t o  increase o r  decrease t h e i r  LCG coo l ing  (ref.  3 ) .  

During the Space Shut t le  Program, cremembers w i l l  work wi thout the 
bene f i t  of a ground monitor ing team t o  detect  thermal imbalances. Because 
human subjects are poor judges o f  t h e i r  own thermal s ta tus ( r e f .  4 ) ,  these 
imbalances could be sustained f o r  long durations, i n  which case discomfort, 
impaired e f f i c iency ,  and heat storage bui ldup could resu l t .  The s i t u a t i o n  
i s  aggravated fu r the r  because crewmembers w i l l  be bus ier  and more task 
or iented during Shut t le  EVA's than they were dur ing e a r l i e r  EVA's and, 
therefore, much less l i k e l y  t c  attend t o  LCG cool ing adjustments. 

A so lu t ion  t o  t h i s  problem i s  the development and use o f  an automatic 

Suc5 a 
cont ro l  system t h a t  would sense cremember thermal comfort and automat ical ly 
ad just  LCG cool ing t o  maintain i t  over a wide range o f  work rates. 
con t ro l l e r  would inc lude a mat'dal over r ide  t o  account f o r  i nd i v idua l  var ia -  
t ions  and environmental e f f e c t s  but, i n  essence, could be set a t  the begin- 
ning o f  an EVA and l e f t  alone thereaf ter ,  much the same as a thermostat i n  
a house. 

The idea o f  an automatic LCG c o n t r o l l e r  i s  not new. Several con t ro l -  
l e r s  developed and b u i l t  by Webb and Chambers have been tested and success- 
f u l l y  demonstrated ( re f s .  5 and 6 ) .  However, a l l  these con t ro l l e rs  have one 
major drawback. They requ i re  measurement o f  one o r  more o f  the fo l lowing 
phys io log ica l  parameters: sk in  temperature, r e c t a l  o r  core temperature, 
heart rate, sweat rate, o r  oxygen consumption. Usually, t h i s  measurement 
i s  used as a feedback loop input t o  the c o n t r o l l e r  e lec t ron ics  t o  regu la te  
the LCG i n l e t  temperature t o  provide a desired re la t i onsh ip  between the 
measured parameter and the LCG heat removal, which i s  also ineasured. How- 
ever, body instrumentation i s  cumbersome t o  use, prone t o  mechdc i c a l  f a i l u r e s  
and error, d i f f i c u l t  t o  implement i n  a system such as t h e  Shut t le  extrave- 
h i cu la r  m o b i l i t y  u n i t  (EMU), and cos t ly .  For these reasons, even the s im-  
p les t  system t o  date, Webb's c o n t r o l l e r  using r i ses  i n  body skin tctrnperI!ilre 
and water temperature, has been unacceptable f o r  space appl icat ions.  

For t h e i r  e f f o r t s  i t ,  t h i s  study, the author acknowledges the assistance 
o f  David Cook, James Waligora, Wi l l iam Ayotte, and F. Story Musgrave, a l l  of 
the  NASA Lyndon B. Johnson Space Center (JSC). 
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As an a i d  t o  the reader, where necessary the or ig iFa1 u n i t s  o f  measure 
have been converted t o  the equivalent value i n  the Systeme In te rna t i ona l  
d 'Uni t& (SI). The S I  u n i t s  are w r i t t e n  f i r s t ,  and the o r i g i n a l  u n i t s  
are w r i t t e n  pa ren the t i ca l l y  thereafter.  

THE AUTOMATIC CONTROLLER 

A decis ion was made t o  invest igate the f e a s i b i l i t y  of designing an 
automatic con t ro l  system t h a t  would not requi re  the use of any physiologi-  
c a l  measurements but, rather, on l y  the  LCG i n l e t  water temperature and 
the temperature d i f ference between the LCG i n l e t  and o u t l e t  water (AT).  
These parameters are advantageous i n  t h a t  in ter faces w i th  the human body 
are not required, other than the e x i s t i n g  LCG tubes. 

The c o n t r o l l e r  l o g i c  t h a t  was developed i s  designed t o  use measure- 
ments o f  LCG i n l e t  temperature (T in)  and LCG AT alone. Although other 
invest igators  have attempted t o  b u i l d  a c o n t r o l l e r  t ha t  uses the same in fo r -  
mation, they have been unsuccessful because o f  the i n a b i l i t y  t o  der ive a 
t rans fe r  funct ion t h a t  r e l a t e s  LCG heat removal data t o  metabolic r a t e  f o r  
both the steady-state and t rans ien t  cases. 
t rans fe r  funct ion was derived by using a de ta i l ed  mathematical model of 
the human thermoregulatory system t o  obta in  theo re t i ca l  resul ts ,  inc lud ing 
the thermodynamic i n te rac t i ons  w i t h  the l iquid-cooled garment and the env i -  
ronment, and then c o r r e l a t i n g  the theo re t i ca l  r e s u l t s  wi th  t e s t  data. The 
model used i s  t he  41-Node Metabolic Man computer program developed a t  JSC, 
which i s  i n  wide use throughout NASA, NASA support contractor companies, 
and other i n s t i t u t i o n s  ( re fs .  1 and 7).  This computer program i s  a der ivs- 
t i o n  o f  the o r i g i n a l  Stolwijk-Hardy thermoregulatory model ( re f .  8), which 
has undergone s i g n i f i c a n t  refinements i n  order t o  account fo r  the thermo- 
dynamic e f f e c t s  o f  the LCG, the space su i t ,  and the environment. 
the number o f  body compartments o r  nodes has been increased t o  include r i g h t  
and l e f t  arms, legs, hands, and feet .  Considerable e f f o r t  has been spent i n  
der iv ing and co r re la t i ng  re la t i onsh ips  f o r  resp i ra to ry  and insensible heat 
loss, as wel l  as LCG and environmental in teract ions,  inc lud ing simulat ion o f  
the convective, evaporative, and r a d i a t i v e  heat t ransfer  processes t h a t  
occur between a man and h i s  environment, be i t  a space s u i t  o r  a s h i r t -  
sleeve-temperature room. 
several years and has been continuously re f i ned  and corre la ted w i th  NASA 
t e s t  data t o  the po in t  t ha t  i t  i s  now an operational t o o l  i n  the analy- 
s i s  o f  a l l  NASA man/system interfaces. It i s  especia l ly  accurate i n  pre- 
d i c t i n g  the performance and thermodynamic e f f e c t s  of the LCG. 

s ignal  proport ional  t o  metabolic r a t e  o r  heat production and then adjust  
the LCG i n l e t  temperature or f low r a t e  t o  vary the LCG heat removal 
according t o  the metabolic r a t e  o r  body heat content. I t  i s  not s u f f i -  
c i e n t  t o  design a c o n t r o l l e r  t ha t  simply maintains a constant o u t l e t  water 
temperature or  i! . ls ts the heat removal t o  remove the incremental heat 
added t o  the LCG. 
age o f  the metabolic heat i s  r e f l e c t e d  by an increasing LCG AT. Because 
t h i s  percentage i s  an unknown variable, f i x i n g  the a u t l e t  tcmperature or 

I n  t h i s  study, the e lus i ve  

I n  addit ion, 

The mathematical model has been i n  use f o r  

For an automatic LCG c o n t r o l l e r  t o  work, i t  must f irst sense some 

These methods are unsat is factory  because only a percent- 
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removing on ly  t h a t  heat added t o  the LCG can lead t o  unacceptably h igh  
sweat rates, heat storage, and/or thermal discomfort. Use of the mathe- 
mat ica l  model made i t  posslble t o  der lva  a re la t i onsh ip  between the  LCG 
i n l e t  temperature and t h e  LCG AT a t  comfort f o r  both transier,t  and steady- 
s ta te  cases without the  necessi ty o f  knowing the  metabolic rate, the body 
heat storage, o r  same other phys io log ica l  parameter p ropor t iona l  t o  t h e  
l a t t e r .  
technique f o r  r e l a t i n g  metabolic r a t e  t o  LCG i n l e t  temperature a t  comfort. 

I n  other words, the model permits the der iva t ion  o f  an i m p l i c i t  

The steady-state re la t i onsh ip  between the  LCG i n l e t  temperature and 
LCG heat removal a t  comfort f o r  various metabolic ra tes  i s  shown i n  f i g -  
ure 1. This curve has been derived from empir ica l  data obtained i n  a 
thermal ly neutra l  environment w i th  a constant LCG flow r a t e  of 109 l / h r .  
For other condit ions, such as var iab le  LCG Flow ra tes  a t  constant i n l e t  
temperatures or thermal ly hot o r  co ld  environment, the r e s u l t s  are somewhat 
d i f ferent  bu t  p red ic tab le  w i th  use o f  the  mathematical model ( r e f .  2). 

Figure 1 was derived by using the environmental condi t ions as i npu t  
t o  the mathematical model and varying metabolic r a t e  and LCG i n l e t  temper- 
ature as add i t lona l  inputs. Steady-state p red ic t ions  o f  LCG heat removal 
and t o t a l  body heat storage were generated. Predict ions of LCG heat removal 
(o r  LCG AT) are shown i n  f i g u r e  1 as a function o f  metabolic ra te .  Lines 
of constant LCG i n l e t  temperature corresponding t o  278, 283, 289, 294, and 
300 K (5O, 100, 160, 210, and 270 C) are also shown. 
storage pred ic t ions  appear alongside these l i n e s  a t  metabolic ra tes  o f  
146, 234, 352, 469, and 586 watts. A comfort band was then superposed 
on f igure  1 by  simply connecting the appropriate value o f  heat storage 
corresponding t o  comfort a t  each metabolic ra te.  

The t o t a l  body heat 

The comfort band was derived by r e l a t i n g  the sub jec t ive  comnents o f  
t e s t  subjects wearing an LCG t o  measured values o f  t h e i r  body heat storage 
( re f .  2) .  The range o f  the band was determined by no t ing  t h a t  sub jec t ive  
va r ia t i on  i n  i nd i v idua l  comfort assessment could be cor re la ted  w i t h  a 
r e c t a l  temperature increment range o f  +0.3 K (+0.3O C),  which corresponds 
t o  a range o f  +68.4 k i l o j o u l e s  (+ 19 wztt-hour?) i n  body heat storage. 
I n  previous tests ,  sweat ra tes  fzr subjects conforming t o  the band have 
been l i m i t e d  t o  values between 0 and 100 g/hr. 
from 0 + 68.4 k i l o j o u l e s  (0 + 19 watt-hours) o f  stored body heat a t  a 
metabolic r a t e  o f  146 watts To. 144.0 t 68.4 k i l o j o u l e s  (40 + 19 watt-hours) 
a t  a metabolic r a t e  o f  586 watts. It-has been i n  use a t  JSC f o r  a number 
of yearc and has proved an e f f e c t i v e  and accurate method o f  quant i f y ing  
thermal comfort. 

The band varies l i n e a r l y  

When the appropriate values of co,nfort heat storage f o r  each meta- 
b o l i c  r a t e  i n  f igure  l are connected, a zone o f  values o f  LCG i n l e t  
temperatures and LCG A T ' S  i s  generated tna t  l i m i t s  heat storage t o  the 
comfort band. 
co ld condi t ions ( inc lud ing  sh iver ing  f o r  large deviat ions),  and values 
below the band correspond t o  uncomfortably hot  condi t ions (accompanied 
by excessive sweating f o r  large p o s i t i v e  values o f  heat storage). This 
comfort zone has been corre la ted w i th  considerable t e s t  data ( r e f .  2 )  and 
has been shown t o  confsrrn w i th  other comfort zone c r i t e r i a  ava i lab le  i n  
the l i t e r a t u r e ,  such as those postulated by Webb, Waligora, and Chambers 
( re f s .  5, 6, 9, and 10). I f  f i g u r e  1 i s  now rep lo t ted  by c ross -p lo t t i ng  

Values above t h i s  comfort zone correspond t o  uncomfortably 
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t he  LCG i n l e t  temperatures conforming t o  the comfort zone w i t h  the corre- 
sponding LCG AT'S, the  desired steady-state t rans fe r  func t ion  i s  derived. 
This new p l o t  i s  shown i n  f i g u r e  2. 

An i n i t i a l  evaluat ion o f  t h i s  cont ro l  scheme was then performed ana- 
l y t i c a l l y  by us ing the 41-Node Man computer program. A t y p i c a l  metabolic 
p r o f i l e  with several step changes i n  work r a t e  was input  t o  the  model, 
together w i t h  the i n i t i a l  LCG i n l e t  temperature considered comfortable. 
The model then computed the  corresponding LCG AT, which was used i n  
f i g u r e  2 t o  compute a new Tin. This procedure was repeated i n  t ime u n t i l  
the  e n t i r e  metabolic p r o f i l e  was marched through. The r e s u l t s  showed t h a t  
the  re la t i onsh ip  shown i n  f i g u r e  2, by i t s e l f ,  was unstable f o r  a l l  bu t  
the  most s lowly changing condit ions. I n  other words, i t  was acceptable 
for  quasi-steady-state s i t ua t i ons  but  was inadequate dur ing rap id  t ran-  
s ien ts  such as large-step changes i n  metabolic ra te .  

I t  then became necessary t o  der ive a second t rans fer  func t ion  t o  
accomnodate t rans ien ts  f o r  these periods. This task was accomplished by 
imposing a ser ies o f  step changes i n  input  metabnlic r a t e  on the 41-Node 
Metabolic Man computer program and l e t t i n g  the prl.)gram i t e r a t i v e l y  se lec t  
an LCG i n l e t  temperature tha t  would l i m i t  the compited body heat storage 
t o  the  heat-storage-based comfort band prev ious ly  discussed. 
would se lec t  an i n l e t  temperature a t  each metabolic r a t e  and ca lcu la te  a 
value of heat storage a t  each time step. 
l a ted  value o f  heat storage w i t h  the desired comfort value and i t e r a t e  
u n t i l  i t  determined the cor rec t  value o f  i n l e t  temperature required f o r  
s tay ing w i t h i n  Lhe comfort zone f o r  each t ime step dur ing the  t rans ien t .  
The change i n  i n l e t  temperature during each step i n  the  t rans ien t  was then 
p l o t t e d  against the corresponding change i n  LCG AT. This r e s u l t  i s  shown 
i n  f i gu re  3 2nd represents the required t rans fe r  func t ion  f o r  se lec t i ng  
changes i n  i n l e t  temperature tha t  correspond t o  thermal comfort during a 
t r i n s i e n t ,  ba5ed on the observed changes i n  LCG AT. When the curves o f  
f igures 2 and 3 were canbined.and then imposed on the 41-Node Man computer 
program, t i l e  model was able t o  l i m i t  the ca lcu la ted  heat htorage t o  the  
comfort band f o r  a representat ive range o f  st>:idy-state and t rans ien t  con- 
d i t i ons .  I t  then remained t o  add add i t iona l  refinements and var ia t ions  
t o  fine-tune the cont ro l  scheme, inc lud ing  a der iva t ive ,  an i n teg ra l  term, 
and appropriate ga in constants. The f i n a l  c o n t r o l l e r  equation i s  shown 
i n  f igure  4. It consis ts  o f  two components, a steady-state pa r t  and a 
rate-of-change pa r t .  ?he steady-state p a r t  Gses the e x i s t i n g  value of 
LCG AT and ca lcu lates a new i n l e t  temperature from f i g u r e  2. This new 
i n l e t  temperature i s  m u l t i p l i e d  by the gain constant, K1, and added t o  
the o l d  , in le t  temperature t o  determine the steady-state cont r ibu t ion .  
The t rans ien t  t rans fer  func t ion  i s  found by f i r s t  computing an e r ro r  f unc -  
t ion ,  E. 
i n  
expected change i n  AT from f i g u r e  3 (A(AT)ex ) .  The e r r o r  term i s  n u l -  
t i p l i e d  by a gain constant, K3, and added t o  Pwo more terms representing 
the time r a t e  o f  change o f  the er ro r  s ignal  and the t ime in tegrated value 
of the er ro r  s ignal  w i th  t h e i r  appropriate gain constants K4 m d  K 5 .  
The sum of these three terms i s  then used i n  f i g u r e  3 as the ordinate, 
and the change i n  i n l e t  temperature f o r  comfort, ATin, i s  the correspond- 
ing abscissa. This ATin i s  then m u l t i p l i e d  by i t s  weighting factor ,  Kz ,  
and added t o  the steady-state term t o  determine the f i n a l  

The model 

It would then compare the calcu- 

The e r ro r  func t ion  i s  the d i f fe rence between the actual change 
AT r e s u l t i n g  from a change i n  i n l e t  temperature (A(AT)a,t) and the  

Tin fo r  comfort. 
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The gain constants K1, K2, K K4, and Kg were determined e n t i r e l y  

d e r l v a t l v e  and In teg ra l  values, K4 and K5, are extremely small and p lay 
a minor r o l e  i n  the contro l  scheme. The constant K 1  i s  small compared 
t o  K2 and Kg. A l l  the constants were derived on an e n t i r e l y  theo- 
r e t i c a l  basis w i th  use o f  the mathematical model, The c o n t r o l l e r  scheme 
was then tested under actual, ra ther  than simulated, condi t ions t o  estab- 
l l s h  i t s  v a l i d i t y .  

by t r i a l  and e r ro r  wlth use o !' the 41-Node Metabolic Man program. The 

TEST PROGRAM DESCRIPTION 

The c o n t r o l l e r  t e s t  program consisted o f  21 experiments i n  which 
three subjects were exercised a t  ciietabolic ra tes ranging from r e s t  t o  
vigorous a c t i v i t y  (100 t o  620 watts or more) wh i l e  wearing an LCG under 
one o f  three overgarments, a t  room temperature. 
an Apollo A7LB space s u i t ,  an a r c t i c  thermal s u i t  w i t h  ven t i l a t i on ,  and a 
simple p a i r  o f  f l i g h t  coveral ls.  A l l  tes ts  were conducted a t  sea-level 
pressure i n  a 2.4-meter-diameter (8 f oo t  diameter) hypobaric chamber o f  t he  
Crew Systems Laboratories at  JSC. 

The garments consisted o f  

The tests  were 1 t o  2 hours ir. durat ion and data were co l l ec ted  con- 
A l l  tes ts  were conducted w i th  the  US^ o f  an LCG water f iow o f  t inuously.  

e i t h e r  109 o r  52 l / h r  and an i n l e t  temperature t h a t  ranged between 279 
and 302 K (60 and 290 C).  

Metabolic ra tes were con t ro l l ed  by varying the speed of a motor- 
dr iven t readmi l l  t ha t  the subjects had previously used i n  establ ish ing a 
t readmi l l  speed-subject mztabolic r a t e  p r o f i l e .  I n  addit ion, the metabolic 
ra tes were estimated and v e r i f i e d  during each t e s t  by means o f  the t o t a l  
body heat balance equation ( f i g .  5) and by comparison with predetermined 
c a l i b r a t i o n  curves o f  heart r a t e  i n  r e l a t i o n  t o  metabolic ra te .  

The tes t  subjects were one NASA astronaut, one other male, and one 
A l l  subjects were i n  good physical condi t ion and were f a m i l i a r  

Their physical cha rac te r i c t i cs  
female. 
w i th  the use and operation o f  the LCG. 
were as fo l lows. 

Sex Age, yr Height, m ( i n d  _. Weight, kg ( l b )  Subject - 
A Male 41 1.8 (70) 72.6 (160) 

B Male 40 1.8 (70) 70.3 (155) 

C Female 22 1.6 (64)  59.0 (130) 

The v e n t i l a t i n g  gas through the A7LB space s u i t  and the a r c t i c  
thermal garment was supplied by the chamber environmental equipment and 
consisted o f  a i r  c i r cu la ted  a t  170 l /min and maintained a t  a temperature 
of 295 K ( 2 2 O  C )  and a dewpoint o f  286 K (13O C . t o  the The a i r  suppl 
s u i t  and the water supply t o  the LCG were open 1 oop (not r e c i r c u  Y ated). 
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The air and LCG outlet temperatures were measured by thermistors and 
recorded continuously. 
as were the suit inlet and outlet lewpoints. The latter measurements were 
used to continuously determine LCG, convective, and evaporative heat 
removal rates during the test. 

The air and water flow rates were also measured, 

Three inner and three outer suit thermocouples were installed on the 
A7LB space suit at the chest, back, and leg areas to continuously monitor 
suit temperature. These temperatures, tonether with measurements of cham- 
ber wall and air temperatures, were used to calculate radiation heat loss 
from the skin, net convective and radiative heat loss from the suit to 
the chamber environment, and net heat loss through the suit. in addition, 
two space heaters were used to control the ambient temperature tp limit 
the heat loss through the suit to desired values. 

A biomedical harness was used to measure body skin tevperatures in 
several areas, including the forehead, chest, arms, legs, and back. Copper- 
constantan thermocouples were used for these measurements. A rectal temper- 
ature thermistor and electrocardiograph sensors were a1 so included in the 
biomedical harness to measure rectal temperature and heart rate. All these 
temperatures were recwded continuodsly (fig. 6) and used to determine and 
plot total body heat storage and heat storage rate on a real-time basis at 
2-minute intervals. The other previously described recorded parameters were 
also plotted in real time and were used to compute terms in the total body 
heat balance equation. 
from previous calibration runs on the treadmill to be approrimately 12.5 per- 
cent. 
computing body heat storage rate and back-calculating metabolic rate. 

of comfort and thermal sensation on the following scale of 1 to 7. 

Subject mechanical work efficiency was determined 

This value was also used in the total body heat balance equation for 

During each test, the subject was requested to evaluate his feelings 

1 Cold 

2 Cool 

3 Slight 

4 Neutra 

5 Slight 

5 Warm 

7 Hot 

y cool 

y warm 

Comfort regi 3n 

This evalttation included sensory estimations for individual areas such 
as the limbs or extremities, as well as whole-body sensations. 

For each test run, the LCG inlet temperature was either determined by 
the controller logic, manually controlled by the subject according to ti  s 
preference, or fixed at a constant value. The controller logic was imp e- 
merited in an open-loop fashion because this test program was a feasibil ty 
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study t o  v e r i f y  dn ana ly t i ca l  theory ra ther  than a t e s t  o f  actual con t ro l -  
l e r  hardware. The measured values of LCG i n l e t  temperature and LCG AT 
were presented f o r  d isp lay  on a cathode-ray tube (CRT)  i n  t he  t e s t  con t ro l  
room. 
a Wang 2200 mlcroprocessor computer, which used them i n  a computer program 
containing the cont ro l  l o g i c  equations. The computer then instantaneously 
displayed the desired LCG i n l e t  temperature f o r  comfort on another CRT. 
This new Tin was then manually selected by t h e  LCG water temperature 
operator a t  the reqrrest o f  the computer operator on a separate communication 
l i n k  ( f i g .  7 ) .  Although t!.ere are f o u r  separate loops between the measure- 
ment o f  the LCG AT and the actual implementation o f  a new Tin, complete 
data could be input  every 10 seconds and averaged, w i th  implementation 
of the desired T i n  occurr ing w i t h i n  1 ms Ate. This to t51 l a g  t ime o f  
1 minute was chosen t o  simulate the actual  system response t ime constant 
of the proposed Space Shu t t l e  EMU (cons is t ing  o f  the LCG, the por tab le 
l i fe-suppor t  system, and the  space s u i t ) .  I t  i s  evident t h a t  an actual  
c o n t r o l l e r  would perform s i g n i f i c a n t l y  b e t t e r  than t h i s  open-loop d i g i t a l  
method because i t  would sample data continuously and make continuous, f i n e  
adjustments i n  LCG coo l ing  ra ther  than discrete, coarse adjuctments. 

These data and t h e i r  recorded times were than manually inpu t  i n t o  

TEST PROGRAM RESULTS 

The primary r e s u l t s  f o r  the t e s t  program are presented i n  f igures  8 
t o  13. 
considerations: the  e f f e c t  o f  metabolic rate, the  cmparison between con- 
t r o l l e r  use and no contro l ,  and the comparison between automatic cont ro l  
and manual con t ro l .  In addit ion, other fac to rs  were examined during the 
t e s t  program, inc lud ing  the  e f f e c t  o f  heat loss t o  the environment, t he  
e f fec t  o f  d i f f e r e n t  water f low rates, the e f f e c t  o f  t e s t  subject v a r i a b i l -  
i ty, the r e p e a t a b i l i t y  o f  t e s t  resul ts ,  and the e f fec t  o f  d i f f e r e n t  s u i t s  
o r  coveri nq garments. 

These f i gu res  are arranged t o  examine, i n  order, the  fo l low ing  

E f fec t  o f  Metabolic Rate 

For t h i s  study, f ou r  d i f f e r e n t  metabolic r d t e  p r o f i l e s  were used: 
nominal square-wave p r o f i l e ,  a nominal ramp p r o f i l e ,  a stress p ro f i l e ,  and 
the Skylab 2 EVA p r o f i l e  ( f i g .  8) .  The nominal p r o f i l e s  were designed 
t o  siiliulate normal work tasks ant ic ipated during the  Space Shut t le  Program, 
whereas the stress p r o f i l e  was designed t o  be an off-nominal tes t  f o r  pro- 
v id ing  information about con t ro l l e r  behavior when the  LCG was overtaxed. 
(Any metabolic r a t e  greater than 580 watts exceeds the rated capacity of 
the  Apollo LCG t o  susta in  comfort.) The Skylab 2 E V A  p r o f i l e  was a dup l i -  
ca t ion  o f  the actual metabolic wor!,loads experienced during deployment o f  
the disabled so lar  panels on the f i r s t  manned Skylab misbion. This p a r t i c -  
u l a r  p r o f i l e  i s  extremely appl icable becausc i t  represents actudl peak work 
tasks tha t  w i l l  be encountered during construct ion and repai r  tasks i n  
space. To provide a r e a l i s t i c  ex erience base, an astronaut t e s t  subject 
was used f o r  the Skylab EVA profi!?. 

a 

Figures 9 and 10 provide data on the performance o f  the c o n t r o l l e r  f o r  
the aforementioned metabolic p r o f i l e s .  Figure 9 i s  f o r  subject B wearing 
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the Apol lo A7LB s u i t  with the LCG f l ow  r e t  a t  109 l /hr .  The r e s u l t s  shown 
are f o r  the square-wave p r o f i l e ,  t he  Skylab EVA p r o f i l e ,  and the s t ress 
p r o f i l e .  Figure 10 i s  f o r  subject A, also i n  the Apol lo s u i t  a t  the sane 
conditions, exercis ing a t  the nominal ramp p r o f i l e  and the stress p r o f i l e .  

The r e s u l t s  show the subject ive comfort index, t o t a l  body heat storage, 
cont ro l  l e r - s e t  LCG i n l e t  tenperature, LCG heat removal rate, evaporative 
heat loss rate, and t o t a l  body heat stcrage rate.  
near ly n e g l i g i b l e  i n  a l l  cases, and environmental heat loss through the s u i t  
was l i m i t e d  t o  n e g l i g i b l e  values by the use o f  the chamber heaters described 
prev i ous 1 y . 

Convective heat loss was 

Figures 9(b) and 10(b) show t h a t  subject ive camfort remained i n  the com- 

These of f -comfort  periods represent m i l d  over- 

This process 

f o r t  band ( 3  t o  5) cons is tent ly  except dur ing b r i e f  t r a m t e n t s  when the con- 
t r o l l e r  was making r a p i d  changes i n  i n l e t  temperature fo l l ow ing  step changes 
t o  higher o r  lower workloads. 
shoots and undershoots tha t  were r a p i d l y  damped out. They are mavoidable 
because metabolic heat must pass through the sk in  and be percei .ed as heat 
o r  co ld  before passing t o  the LCG and act ing on the con t ro l l e r .  
e n t a i l s  a necessary lag t i n e  on the order o f  2 t o  3 minutes before the con- 
t r o l l e r  can resFmd. However, during the nominal and Skylab p ro f i l es ,  the 
subjects never reported f e e l i n g  hot or  co ld  and on ly  r a r e l y  d i d  they r e p o r t  
cool o r  warm sensations. During the stress prof i le ,  both subjects reported 
fee l i ng  hot f o r  several minutes during o r  s h o r t l y  a f te r  the maximun mctabol ic 
r a t e  spike o f  1160 watts. Subject B reported f e e l i n g  warm f o r  3 minutes a t  
the end o f  t he  7.5-minute, 590-watt sequence of the stress p r o f i l e  and a l c 2  
f o r  4 minutes during the 15-minute, 590-watt per iod o f  the nominal square- 
wave p r o f i l e .  Both these periods represent a c t i v i t y  leve ls  t h a t  exceed t h e  
capacity o f  the LCG t o  provide comfort. Nonetheless, both subjects reported 
tha t  cool ing was acceptable because o f  the b r e v i t y  o f  these off-comfort per- 
iods. Subject A reported f e e l i n g  cool on s i x  occasions, none p e r s i s t i n g  
longer than 1 t o  2 minutes and each usua l l y  f o l l ow ing  a step change i n  
work level ,  when the c o n t r o l l e r  was i n  the process o f  making an adjustment. 
I n  conjunction witn t h i s  report,  subject  A reported a preference f o r  running 
cool as opposed t o  neutral,  whereas subject B 0,-eferred n e u t r a l i t y  and 
men t i oned only one br  i e f  coo 1 per i od. 

Figures 9 ;c j  and 1O(c) present the t o t a l  body heat storage f o r  these 
runs, calculated by the changes i n  r e c t a l  dnd mean weighted sk in  tempera- 
tures from t h e i r  normal set values. Body heat storage i s  a p a r t i c u l a r l y  
useful  parameter because i t  quant i tates i nd i v idua l  var ia t ions i n  the sub- 
j e c t i v e  comfort index o f  d i f f e r e n t  tes t  subjects. These data show tha t  
a t  no time during any o f  the tes t  periods d i d  body heat storage approach 
or  exceed NASA performance impairment l i m i t s  o f  t316.8 k i l o j o u l e s  
(+88 watt-hours) ( r e f .  2). 
c m e n s u r a t e  w i th  the comfort leve ls  associated w i th  each metabolic ra te.  
This r e s u l t  i s  encouraging i n  view o f  the f a c t  t ha t  thcre were several 
de l iberate off-comfort periods designed t G  stress the system. 

Figures 9(d) and 10(d) show the cont i -o l ler-set  LCG i n l e t  temperatures. 
I t  i s  observed that  each i n l e t  temperature p r o f i l e  i s  d i f f e r e n t  and unique 
t o  each run. In  general, the higher workloads caused the c o n t r o l l e r  l o g i c  
t o  respond w i th  the lowest i n l e t  temperatures and the ?ower workloads re- 

I n  fact ,  heat storage values were almost a?ways 

sul ted i n  the highest i n l e t  temperatures. However, on severa? occds' 
o ~ l G m &  PAGE *'ns' 
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th is general rule was not the case because the c o n t r o l l e r  and the LCG sensed 
an o f f - n m l n a l  phys lo log lca l  input and responded I n  a d i f f e ren t  manner. An 
exanple of this type o f  response occurred du r in  the s t ress p r o f i l e .  For 

temperature below 293 K (200 C) despi te the presence o f  two metabolic steps 
of 737 and 587 watts, l a s t i n g  10 and 7.5 minutes, respect ive ly .  The reason 
fo r  t h i s  r e s u l t  i s  t ha t  the subject began the run w i th  a reduced sk in  tem- 
perature and a body heat storage o f  -108.0 k i l o j o u l e s  (-30 watt-hours). 
The con t ro l l e r  d i d  not attempt t o  lawer the I n l e t  temperature because the 
LC6 A T  was af fected by the reduced sk in  conductance. Consequently, the  
subject  ras  kept comfortable throughout these s t ress work ra tes  w i th  a T -  
a t  or  above 293 K (200 C). However, as soon as heat storage increased andn 
vasodi la ta t ion occurred, the c o n t r o l l e r  responded t o  increased metabol i c  
rates by dropping the i n l e t  temperature. 
dropped t o  288 K (150 C).) This type act ion by th t  c o n t r o l l e r  was observed 
on several occasions and demonstrates t h a t  the system can respond t o  impor- 
t a n t  phys io log ica l  mechanisms with a h igh degree o f  s e n s i t i v i t y .  

One other po in t  should be mentioned about the i n l e t  temperature pro- 
f i l e s .  The c o n t r o l l e r  l o g i c  was f ine-tuned dur ing the i n i t i a l  t es ts  t o  
optimize the response t ime and performance. This procedure consisted o f  
ad just ing the gain constants before, bu t  not during, each t e s t  u n t i l  the 
best response was achieved. Consequently, the i n l e t  temperature p r o f i l e s  
shown are not the r e s u l t  o f  the i d e n t i c a l  c o n t r o l l e r  log ic .  
s h m ,  on ly  the Skylab EVA p r o f i l e  represents the response o f  the f i n a l  
optimized cont ro l  log ic .  The changes tha t  were made i n  the cont ro l  l o g i c  
are sunmarized i n  the discussion. 

the i n i t l a l  33 minutes o f  t h i s  run, the cont ro l  B e r  d i d  not drop the i n l e t  

( A t  t ime = 35 minutes, T i n  was 

O f  the r e s u l t s  

Figures 9(e),  9 ( f ) ,  lO(e), and 10(f)  show the LCG heat removal and 
t o t a l  evaporative heat removal f o r  each test .  The LCG heat removal var ies 
inverse ly  w i th  the cont ro l le r -se t  LCG i n l e t  temperature (LCG heat removal 
= f l a w  r a t e  x LCG AT) and i s  greater than the evaporative heat loss. I f  
the con t ro l l e r  i s  t o  work, i t  must vary the LCG heat removal such tha t  the 
evaporative heat loss i s  l l m i t e d  t o  a near ly  constant value f r e f .  2). I n  
t h i s  way, sweat ra tes are kept below discomfort l i m i t s  o f  100 g/hr ( re f .  9) 
but are not el iminated en t i re l y ;  complete cessation can also cause discomfort. 
The resu l t s  show evaporative heat loss never exceeding 90 watts (except 
b r i e f l y  during one stress per iod a t  a metabolic r a t e  o f  1160 watts) and 
remaining r e l a t i v e l y  constant during each t e s t  run. 
correspond t o  act ive sweat rates we l l  below 100 g/hr and demonstrate the 
ef fect iveness o f  tk cbn t ro l l e r  l og i c  i n  regu la t ing  LCG heat removal t o  
l i m i t ,  but  not el iminate, sweat rates t o  comfort values. 

These heat loss rates 

Figures 9(g)  and 1O(g) present the t o t a l  body heat storage r a t e  f o r  
each run, as ca lcu lated from the t o t a l  body heat balance equation. This 
term represerlts the d i f ference between the heat produced by metabolism and 
the t o t a l  heat removal from the subject  (LCG + convection + t o t a l  evapora- 
t i o n  + mechanical work). It also represents the instantaneous d i rec t i on  
o f  heat storage - i n t o  (pos i t i ve )  or out o f  (negative) the body - and, a s  
such, i s  useful  i n  assessing the lag time between the production o f  heat 
and i t s  removal. I f  the con t ro l l e r  operates properly, the t ime  i n teg ra l  
o f  heat storage r a t e  should approach zero; the changes i n  the slope (pos i -  
t i v e  t o  negative o r  v ice versa) o f  the r a t e  should be frequent and the 
absolute value of the storage r a t e  should only instantaneously approach 



and never exceed the magnitude of the corresponding metabolic rate. 
ideal controller would maintain a near-zero storage rate a t  a l l  times. 
However, because o f  thermal lag times, a real controller must operate by 
undershoots and overshoots. Therefore, the more frequent the changes and 
the lower the magnitude of the values, the better the controller. These 
results show the slope of the heat storage rates changing s ign  on the order 
of every 10 minutes or less, a change indicating frequent controller 
responses, w i t h  the magnitude of the storage rate well below the corre- 
sponding metabolic rate. Most important, the time integral of the rate 
approaches zero and does so f a i r ly  rapidly after the onset of work. On 
the basis o f  these data, the response of the controller i s  quite accept- 
able. Furthermore, i t  will be significantly improved when a constantly 
respondin closed-loop system i s  developed to  replace the discrete, d i g i -  
ta l  metho 9 used i n  this feasibi l i ty  study. 

An 

Controller Use Compared With No Control 

Figures 11 and 12 present the results for runs i n  which the subjects 
exercised a t  the same metabolic profil? w i t h  and without the controller 
operating. Figure 11 presents the data fo r  a nominal square-wave profile 
w i t h  the controller operating compared w i t h  the case of a constant T i n  of 
300 K ( 2 7 O  C ) ,  which corresponds t o  the inlet  temperature requested for  
comfort a t  rest. 
comfort could not be maintained dur ing  either of the high-workload periods. 
However, w i t h  the controller, comfort was maintained throughout except for 
one brief period i n  the middle of the f i r s t  high-workload rate, which again 
resulted from the lag time required for the LCG to  sense the additional 
metabolic heat and for the controller t o  respond to  i t .  

Figure l l ( b )  shows that w i t h  no controller, subjective 

Figure l l ( c )  shows t h a t  body heat storage reached significantly higher 
levels without ttle controller (216.0 kilojoules (60 watt-hours) compared to  
108.0 kilojoules (30 watt-hours)). In fact ,  following the constant-tempera- 
ture r u n ,  the subject had so much trapped sweat i n  the A7LB su i t ,  because of 
this h i g h  heat storage, t h a t  the resulting evaporative heat loss dur ing  the 
ensuing rest period overcooled him before the next r u n .  This effect d id  not 
occur when the controller was used, as the d a t a  i n  figure 12(c) indicate. 
Here, for the constant-temperature r u n ,  the evaporation heat loss ( w h i c h  
represects sweating) reached 102 watts w i t h i n  20 minutes o f  the s ta r t  o f  the 
r u n  and remained h i g h  thereafter (corresponding t o  a saturated-sui t outlet 
dewpoint). Conversely, w i t h  the controller operating, evaporative heat loss 
never exceeded 75 watts. 

Figure 12 shows the results for  similar comparison runs f o r  a differ- 
ent subject, w i t h  the use of a cooler constant T i n  of 294 K i 2 l 0  C ) ,  
which corresponds t o  the temperature requested fo r  comfort a t  a metabolic 
rate equal t o  the average rate for the r u n  (300 watts). In th is  case, 
using a colder fixed T i n  resulted i n  excessively long subjective cold 
response and rapidly changing impressions of subjective comfort from cold 
t o  warm and vice versa ( f i g .  1 2 ( b ) ) .  
rather steady comfort reports obtained w i t h  use of the controller, punctuated 
by three brief 3- t o  4-minute periods of cool reports imnediately fo l lowing  
controller response t o  a step change i n  workload. 
t h a t  the test  subject i n  this case reported a preference t o  " r u n  caol.") 

This result i s  contrasted w i t h  the 

( I t  should be added 



Ths r e s t  of  the d8t8 i n  f i g u r e  12 show only small d i f ferences i n  the 
heat s to ra  e and sweat ra tes f o r  most of the two runs because the  constant 

of 2 9i  K (210 C) i s  capable o f  prevent ing wide swings i n  heat storage 
Ti! an sweating f o r  this p a r t i c u l a r  moderate aetabol i c  r a t e  p r o f i l e .  However, 
f o r  the l a s t  20 minutes o f  the constant-temperature case, the sweat r a t e  
and heat storage increased markedly i n  response t o  the  high-workload ranp, 
whereas they remained fa i r ly  constant during automatic contro l .  

The previous data show the  advantage o f  using an automatic cont ro l  
system t o  regulate LCG i n l e t  temperature as op osed t o  a s ing le  set  temper- 
ature tha t  would be acceptable f o r  sme metabo P i c  ra tes but  unacceptable 
f o r  others 

Automatic Control Compared U i t h  Manual Control  

Figure 13 presents the r e s u l t s  fram the Skylab EVA p r o f i l e  run with 
the subject  manually regu la t ing  the  11, according t o  h i s  own canfort, as 
contrasted with the sane run under automatic contro l .  Although the meta- 
b o l i c  ra tes ( f i g .  13(a)) experienced dur ing the  actual  EVA were higher than 
those experienced on most other missions, they are representat ive o f  peak 
workloads and durations tha t  could be expected f o r  space const ruct ion tasks. 

Figure 13(b) shows tha t  there was no s i g n i f i c a n t  d i f ference between 
the subject ive comfort repor ts  by the  astronaut t e s t  subject f w  the two 
cases. In  other words, the c o n t r o l l e r  provided the sane leve l  o f  subjec- 
t i v e  comfort t o  the subject as he could aanual ly provide himself.  

Figure 13(c) shows the t o t a l  body heat storage f o r  both cases. As 
m i g h t  be expected, both runs showed low values o f  body heat storage t h a t  
were c lose t o  the steady-state canfor t  band and we l l  withSn the perform- 
ance impairment l i m i t s  o f  +316.8 k i l o j o u l e s  (+88 watt-hours). It should 
be noted tha t  for  the manual con t ro l  case, bo7v heat storage s ta r ted  and 
f i n i shed  w i th  negative values, a r e s u l t  ind ica t ing  a desire on the p a r t  
of the subject t o  overcool h imsel f  i n  an t i c ipa t i on  o f  h igh metabolic rates.  

Figure 13(d) presents a comparison betweei the manually selected i n l e t  
temperature and the automat ical ly con t ro l l ed  i n l e t  temperature. Here, i t  
can be seen tha t  the con t ro l l e r  l og i c  selected almost the i den t i ca l  i n l e t  
temperature p r o f i l e  as the subject selected f o r  himself.  The only d i f f e r -  
m c e s  tha t  occurred resul ted from the fact  t ha t  the cot; t ro l ler  adjusted the  
i n l e t  temperature i n  d i rec t  response t o  the workload and d i d  not overcool 
the subject a t  the lower work ra tes  as he himself d i d  under manual con t ro l  
between 40 and 50 minutes i n t o  the run and. again, between 73 and 
87 minutes. 

Figure 13(d) also indicates that,  when the LCG cool ing was under inan- 
ua l  control ,  the .ubject made 11 cool ing-valve changes ( ind icated by arrows) 
i n  9: ininUtes o f  test ing.  This change frequency represents a s i g n i f i c a n t  
amount o f  time spent attending t o  cool ing adjustments that  would be b e t t e r  
spent on work tasks i f  automatic cool ing cont ro l  were avai lable.  Further-  
more, i t  was observed tha t  astronauts d i d  not make manual adjustments dur ing 
actual E V A ' S  wi th  the frequency that  was observed dur ing t h i s  run. The con- 
c lus ion here i s  tha t  work tasks cause the creman t o  ignore his thermal 
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st,atus, and tnereby there i s  a resu l tan t  p o s s i b i l i t y  o f  heat ctorage, fat igue, 
or work i n e f f i c i e n c y  problems. 

Figures 13(e) t o  (91 present other phys io log ica l  data comparing the 

A l l  r e s u l t s  i n d i -  

m;.wal and automatic runs. Again, no s i g n i f i c a n t  di f ferences were observed 
)?-!;ween the two types o f  runs w i t h  respect t o  LCG heat removal rates, 
s e a t  evaporation rates, and body heat storage rates.  
f a ted  thermal canfort,  a consequence emphasizing the p o t e n t i a l  f o r  t h i s  
:.we o f  c o n t r o l l e r  t o  equal snd possibly exceed the performance o f  a man- 
i a 1  con t ro l  system. 

E f f e c t  o f  Other Parameters Examined 

I n  add i t i on  t o  the t e s t  f ac to rs  discussed previously, there were 
(i :her parameters examined i n  t h i s  f e a s i b i l i t y  study, inc lud ing the e f f e c t  
c f  heat loss t o  the environment, the e f f e c t  o f  d i f f e r e n t  water f l o w  rates, 
the e f f e c t  o f  t e s t  subject  v a r i a b i l i t y ,  the r e p e a t a b i l i t y  o f  t e s t  resul ts ,  
and the e f f e c t  o f  d i f f e r e n t  s u i t s  o r  covering garments. Although the 
r e s u l t s  are too de ta i l ed  t o  be presented i n  t h e i r  e n t i r e t y  i n  t h i s  report ,  
they may be sunmarized as fo l lows. 

1. Environmental heat loss d i d  not not iceably  a f f e c t  t he  a b i l i t y  of 

It i s  ant ic ipated t h a t  f o r  heat losses ( o r  
the c o n t r o l l e r  t o  provide thermal comfort within the range of 0 t o  75 watts 
o f  heat loss out o f  the s u i t .  
gains) o f  greater magnihde, a manual b ias  would be required t o  provide ade- 
quate performance. This bias would mount t o  a s h i f t i n g  o f  the in tercepts  
( e i t h e r  up or  down) wi thout a change i n  slope of the curves of f igures 
and 3. 

2. Runn'og the LCG a t  a lower f low r a t e  (55 l / h r )  makes i t  more 
d i f f i c u l t  f,: the c o n t r o l l e r  t o  operate because the changes i n  LCG AT 
much larger  and occur fas te r .  Although c o n t r o l l e r  Performance a t  the 
f low r a t e  was acceptable, the i n s t a b i l i t i e s  t h a t  occurred would probab 
l l ' m i t  the usefulness of t h i s  type o f  c o n t r o l l e r  l o g i c  t o  f low rates no 
lower than 55 l /hr. 

2 

are 
ower 
Y 

3 .  No s i g n i f i c a n t  d i f ference was noted i n  c o n t r o l l e r  performance 
amons the three t e s t  subjects, despite the f a c t  t h a t  one was an astronaut 
i n  a c e l l e n t  * ' y s i c a l  condit ion, another was a male, and the t h i r d  was a 
female o f  zonsiderably smaller size. The phys io log ica l  (other than heart  
r a t e )  c r ~ , ~  .hemal-comfort data recorded showed no s t a t i s t i c a l l y  s i g n i f i c a n t  
trends .laat could be a t t r i b u t e d  t o  subject v a r i a b i l i t y .  

4. The c o n t r o l l e r  performance was repeatable under i d e n t i c a l  t e s t  
Severa l  dupl icate runs made w i th  the sane c o n t r o l l e r  l o g i c  , ~ d i t i o n s .  

y ie lded s i m i l a r  resu l t s .  

5. The dse of d i f f e r e n t  types o f  s u i t s  covering the  L t G  has the 
e f f e c t  of (a)  varying the metabolic r a t e  required t o  perform the sane work 
task a-d (b) a f fec t i ng  the net environmental heat exchange between the sub- 
j e c t  and h i s  environment. 
t ' ie Apol lo A7LB space s u i t ,  an a r c t i c  (goose down) garment, and a p l a i n  
p a i r  of coveral ls.  

The three types o f  covering s u i t s  tested were 

Use of the Apol lo s u i t  necessitated almost 50 percent 
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more metabolic a f fo r t  t o  walk a t  the SWM t readmi l l  speed used i n  the  t e s t  
invo lv lng  the coveral ls,  Howevar, the  covera l l s  dld  not Insu la te  t h e  LCG 
f r a n  the enviranment and thereby caused a decept ively lower LCG AT a t  
the sane metabolic r a t e  and more sluggish c o n t r o l l e r  performance. 

s e n s i t i v i t y  o f  the  lo i c  would have t o  be increased by augnenting the gain 
I f  the c o n t r o l l e r  were used with an LCG f o r  ground appl icat ions,  the 

constants appropriate 9 y. 

DISCUSSION 

The r e s u l t s  of t h i s  study conclusively demonstrated the f e a s i b i l i t y  
of a con t ro l l e r  t h a t  can maintain hman thermal canfor t  by measuring . 
LCG AT and i n l e t  water temperature alone. The three primary c r i t e r i a  
used t o  assess the  success o f  the c o n t r o l l e r  concept were t o t a l  body heat 
storage, subject ive cannents by the t e s t  subjects, and sweat rates.  These 
resu l t s  are swnar ized fo r  a l l  con t ro l l e r  runs I n  f igures 14 t o  16, 

tes t .  I t  can be seen tha t  t h e  maximun and minlmun values f o r  each t e s t  
never approached the performance impairment l i m i t s  o f  +316.8 k i l o j o u l e s  
(+88 watt-hours) and very r a r e l y  deviated from values associated w i t h  
c-5nfort. 

Figure 14 presents the extremes i n  t o t a l  body heat storage f o r  each 

Figure 15 presents t y p i c a l  subject ive comfort index r e s u l t s  f o r  four  
tests,  two with and two without the con t ro l l e r .  Here, i t  i s  seen that 
w i th  the cont ro l le r ,  subject ive comfort was confined t o  the comfort zone 
except f o r  b r i e f  t rans ien t  periods, whereas without the cont ro l le r ,  
deviat ions were much larger  and more frequent. 

F ina l l y ,  f i g u r e  16 presents the extremes i n  evaporative heat removal 
(sweat r a t e  + resp i ra t i on  loss + sk in  d i f f u s i o n )  f o r  each tes t .  
seen tha t  maximun t o t a l  water loss was l i m i t e d  t o  below 160 g/hr f o r  a l l  
con t ro l l e r  tests, a value associated w i th  l i g h t  sweating and comfort 
( re f .  2). This r e s u l t  i s  contrasted w i th  evaporative losses greater than 
185 g/hr (equivalent t o  moderate-to-heavy sweating) a t  a constant f i n  of 
299 K (260 C).  I n  other words, the c o n t r o l l e r  acted t o  l i m i t  and prevent 
heavy sweating associated w i th  discomfort but, a t  the sane t ime, d i d  not  
overcool the subject t y  reducing sweat ra tes below minimal values necessary 
f o r  comfort a t  low metabolic rates.  

I t  can be 

During the course o f  these tests,  two primary adjustments i n  cont ro l -  
l e r  l og i c  were made. 
the steady-state and the t rans ient  con t r ibu t ion  t o  the T i n  ca lcu la t ion  
was tor, unstable. Consequently, the gain constdnts were sh i f ted  t o  an 
80-20 dependence favor ing the steady-state contr ibut ion.  This s h i f t  was 
determined by a t r ia l -and-er ro r  process and represented the only  rea l  devi- 
a t ion  from the theore t ica l  values derived i n  the pretest  41-Node Man simu- 
l a t i o n  runs. 

It was found tha t  the i n i t i a l  50-50 s p l i t  between 

The only other adjustment was t o  increase the s e n s i t i v i t y  o f  the 
con t ro l l e r  f o r  LCG i n l e t  temperatures greater than 298 K (250 C). This 

14 



change consisted o f  doubling the gain constants f o r  the t rans ien t  con t r i bu t i on  
t o  the  T i  ca lcu lat ion.  The reason f o r  t h i s  change was t o  account fo r  
a reduced [eat t rans fe r  c o e f f i c i e n t  o f  the LCG a t  the higher i n l e t  tempera- 
tures, a f a c t o r  t h a t  had been overlooked. 
a t  h igh i n l e t  temperatures has been observed i n  the past ( r e f .  2) and i s  
thought t o  r e s u l t  from reduced sweat pathways between t h e  LCG tubes a t  
lower metabolic rates, which reduce the e f f e c t i v e  LCG-to-skin conductance. 
This e f f e c t  makes i t  more d i f f i c u l t  f o r  t h e  LCG AT t o  respond t o  higher 
metabolic rates, a condi t ion tha t  was countered by increasing the c o n t r o l l e r  
s e n s i t i v i t y  t o  a change i n  LCG AT. 

This reduced LCG effect iveness 

CONCLUDING REMARKS 

This f e a s i b i l i t y  study has shown t h a t  an automatic con t ro l l e r ,  
responding only  t o  changes i n  i n l e t  temperature (T in)  o f  a l iqu id-cooled 
garment (LCG), can maintain thermal balance i n  persons working a t  a wide 
range of metabolic rates. Subjective comments from the t e s t  subjects also 
v e r i f i e d  the c a p a b i l i t y  o f  th2 c o n t r o l l e r  t o  maintain comfortable condi- 
t i ons  under a l l  reasonable workloads. The r e s u l t s  o f  t h i s  study can be 
used as guidel ines for  development o f  a prototype automatic c o n t r o l l e r  
u n i t .  

The actual hardware should consist  o f  a water-mixing valve coupled t o  
a servomotor and a microprocessor "chip" t ha t  contains the contro l  l e r  log ic .  
The microprocessor would continuously sample measurements t,f LCG T i n  and 
the temperature d i f ference between LCG i n l e t  and o u t l e t  water, would compute 
a new desired Tin, and would i n i t i a t e  a s ignal  t o  the servomotor, which i n  
t u r n  would change the pos i t i on  o f  the water-mixing valve t o  get the desired 
T i  ne 

The l a g  time associated w i th  t h i s  c o n t r o l l e r  should be designed t o  
f i l t e r  out system f luct i !a t l !ms.  This lag time, as wel l  as the c o n t r o l l e r  
ga in constants thmselves, depends upon the type o f  system used and i t s  
appl icat ionq. For the  Space Shut t le  extravehicular m o b i l i t y  un i t ,  the 
por tab le 1 ife-support-system lag  t ime w i  11 be approximately 30 seconds. 
The data from these tests  i nd i ca te  tha t  the d i f f e r e n t i a l  and i n t e g r a l  
terms i n  the t rans ient  term o f  the l og i c  p lay  a minor r o l e  i n  the determi- 
nation o f  a desired T in and can probably be ignored. Therefore, the 
microprocessor would be extremely simple, using only two l i nea r  curves as 
the basis o f  the analog c i r c u i t .  The r e s u l t i n g  chip should be r e l a t i v e l y  
inexpensive t o  b u i l d  and extremely small and l i g h t .  

be d i f f e ren t ,  a fac to r  leading t o  m i c r o c i r c u i t r y  o f  varying complexity. 
Ground use of the c o n t r o l l e r  i n  a sh i r t -s leeve environment, for  example, 
would necessitate increased s e n s i t i v i t y  o f  the logic, because ordinary 
c lo th ing  does not insu late the LCG. 

However, f o r  other appl icat ions,  the gain constants and lag  times may 

Lyndon B. Johnson Space Center 
National Aeronautics and Space Administrat ion 

Houston, Texas, July 29, 1977 
986-00-15-00-72 
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= Qstored + work 
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Figure 5.- Tota l  body heat balance equation, where r) ind icates heat. 
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Figure 6.- Test subject and instrumertation f o r  measurements. 
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Figure 7.- Operational layout o f  the test control room. 

(a) Step. (b)  Ramp. ( c )  Stress. ( d )  Skylab. 

Figure 8.- Patterns Tetabol i c  rate p r o f i l e s  over time. 
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Figure 9.- Performance o f  automatic controller (with LCG under space s u i t  worn 
by subject B) for three metabolic profiles. 
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Figure 9.- Concluded. 
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(b) Comfort Index w l t h  comfort tone shadad, 

( d )  LCG I n l e t  temperature. 

Figure 10.- Performance o f  automatic controller (wlth LCG under space s u i t  uorn 
by subject A )  for tm metabolic profiles. 
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Figure 11.- Automatic cont ro l le r  performance compared wi th  no control ( a t  a 
constant i n l e t  temperature of 300 K (27" C ) )  during t e s t  runs by subject B 
a t  a nominal square-wave p r o f i l e .  
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Figure 12.- Automatic c o n t r o l l e r  performance compared wi th  no control ( a t  a 
constant i n l e t  temperatwe o f  294 K (21' C ) )  during t e s t  runs by subject A 
a t  a nominal square-wave p r o f i l e .  
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